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Catenation Control in Stable Zr-MOFs for Fine-Tuning
LNG-ANG-Related Methane Storage

Si Ma, Le Shi, Yuanlong Zhong, Honghao Cao, Zhenning Yang, Jian Yang, Kun Wang,
and Zhijie Chen*

The liquefied natural gas and adsorbed natural gas (LNG-ANG) coupling
systems are emerging as an attractive solution to solve boil-off gases
generated by LNG tanks. Metal-organic frameworks (MOFs) are promising
candidates for methane storage and delivery owing to their high porosity,
large specific surface area, and tunable pore structures. However,
systematically tuning LNG-ANG-related methane adsorption performance of
MOFs has yet to be explored. In this context, an interpenetrated
zirconium-based (3,8)-connected the-MOF, Zr-TTB-1, with limited porosity is
synthesized. The further delicate modulation of reaction conditions allows the
assembly of a non-interpenetrated counterpart, Zr-TTB-2, with significantly
improved porosity. Such molecular-level catenation control results in a
substantial increase in low-temperature methane adsorption performance
related to LNG-ANG. The volumetric working capacity of non-interpenetrated
Zr-TTB-2 is up to 255 cm3 (standard temperature and pressure, STP) cm−3

under LNG-ANG condition (159 K, 6 bar, and 298 K, 5 bar), outperforms more
than twice that of interpenetrated counterpart—Zr-TTB-1 (115 cm3 (STP)
cm−3). To this end, the investigation provides an efficacious example of
regulating the methane working capacity in LNG-ANG systems through
molecular-level structural control of designed porous frameworks.

1. Introduction

The past few decades have witnessed rapid development of
society and economy, but environmental issues, particularly
the sharp upsurge in carbon dioxide emissions, caused by the
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massive use of fossil fuels are also increas-
ingly troubling.[1] To achieve the goal of
carbon neutrality, natural gas (NG), mainly
consisting of methane, is considered a tran-
sitional fuel by virtue of natural abundance,
low carbon-to-hydrogen ratio, and low dis-
tribution cost.[2] Compressed natural gas
(CNG) requires special tanks and high pres-
sures, thus limited to a special scope of util-
ity because of potential safety concerns.[3]

Liquefied natural gas (LNG) system has
been commercialized, but the problem of
boil-off gas (BOG) has yet to be resolved.[4]

The emerging ANG technique, incorpo-
rating adsorbents, has attracted much at-
tention due to conformable conditions,
simple tanks, and convenient usage.[5]

ANG often requires a long charging time
to cool down when adsorbing a large
amount of NG.[6] Recently, the coupling
of LNG regasification and the ANG charg-
ing process, denoted as LNG-ANG cou-
pling systems, are regarded as promising
alternative to address the aforementioned
troubles.[4,6] The LNG-ANG coupling strat-
egy enables lower charging temperature

than the traditional ANG process by heat exchange with the LNG
regasification process. In this regard, high-efficiency adsorbents
within LNG-ANG systems are key to adsorb BOG and then to
reuse them.[4,6]

Metal-organic frameworks (MOFs) are a class of crystalline ad-
sorptive materials assembled by organic linkers and inorganic
metal nodes.[7] With merit of structural diversity, functional ad-
justability, high porosity, well-ordered framework, and abundant
binding site, MOFs have emerged as ideal platforms for gas stor-
age and separation, particularly methane storage.[8] Interpene-
tration, also expressed as catenation, is commonly occurrent in
preparation of MOFs.[9] Interpenetration impacts the pore ar-
chitectures, intrinsic properties, and functional application of
MOFs.[10] For example, transient catenation in MOF significantly
affects its uptake behavior for n-hexane,[11] while partially in-
terpenetrated MOF possesses stepwise filling of pores thus ob-
tains unique CO2 isotherms.[12] In contrast, non-interpenetrated
MOFs with high pore volumes and large surface areas are favor-
able for high methane storage capacity (Scheme 1). Zirconium-
based MOFs (Zr-MOFs) are stable for many applications thanks
to strong Zr-O coordination bonds and highly porous Zr-
MOFs are known as outstanding adsorbents for gas storage.[13]
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Scheme 1. a) The schematic diagram of working capacity between methane uptake at 159 K, 6 bar, and methane uptake at 298 K under 5 bar (LNG-ANG
condition); b) The illustration of regulating methane sorption behavior by interpenetration control.

However, understanding deliberate interpenetration control in
stable Zr-MOFs on gas storage, particularly low-temperature
methane storage, has been rarely explored.

Herein, we provide a practical example of interpenetra-
tion control over stable Zr-MOFs for tuning low-temperature
methane adsorption performance related to LNG-ANG appli-
cations. We first constructed a 2-fold interpenetrated Zr-MOFs
(Zr-TTB-1) with limited porosity from newly-designed 5,5′,5′’-
(benzene-1,3,5-triyl)tris(thiophene-2-carboxylic acid) (TTB) lig-
and. After careful optimization of reaction conditions, a non-
interpenetrated counterpart—Zr-TTB-2 with greatly increased
porosity was successfully prepared. The volumetric methane
working capacity of non-interpenetrated Zr-TTB-2 (255 cm3

(STP) cm−3) is more than twice that of interpenetrated Zr-TTB-
1 (115 cm3 (STP) cm−3) under the LNG-ANG-related condi-
tion (Scheme 1a), which is also comparable to those of typical
HKUST-1 (249 cm3 (STP) cm−3) and MIL-101(Cr) (240 cm3 (STP)
cm−3) under the same test condition.[6] Additionally, the gravi-
metric methane working capacity of Zr-TTB-2 is 0.26 g g−1, sig-
nificantly surpasses that of interpenetrated Zr-TTB-1(0.07 g g−1).
More importantly, the robust framework along with high porosity
provide Zr-TTB-2 a great opportunity for practical implementa-
tion. The findings suggest that interpenetration control in MOFs
is an attractive strategy to realize desirable methane working ca-
pacity in LNG-ANG systems, offering referenceable viewpoint on
the development of the next-generation MOF-based absorbents
for benchmark methane storage and delivery.

2. Results and Discussion

Zr-TTB-1 was synthesized with solvothermal reactions of TTB
and ZrCl4 in N,N-dimethylformamide with a modulator of acetic
acid (HOAc) (Figure 1, left). Single-crystal X-ray diffraction
(SCXRD) analyses reveal that Zr-TTB-1 crystallizes in the cu-
bic space group Im ̄3 with the lattice parameter a = 25.9626(11)
Å (Table S1, Supporting Information) at 273 K. The crystal
structure of Zr-TTB-1 shows that each TTB linker is connected
to three different Zr6 clusters while each Zr6 node is coordi-
nated with eight carboxylic groups from eight different linkers
(Figure S2, Supporting Information). The unsaturated sites in
the Zr6 clusters are occupied by three HOAc molecules and
one formic acid (FA) molecule (Figure S5b, Supporting In-

formation). Thus, we deduced the formula of Zr-TTB-1 to be
[Zr6O8(FA)1(HOAc)3(TTB)8/3] as suggested by the 1H NMR re-
sult of digested Zr-TTB-1 (Figure S8, Supporting Information).
From the perspective of topology, the TTB linkers can be simpli-
fied as three connected nodes, which link to eight-connected Zr6
clusters to generate a two-ford interpenetrated (3,8)-connected
the-c2 net (Figure 2b; Figure S6, Supporting Information).[11,14]

The phenomenon of structural interpenetration occurs in the
preparation of MOFs by inducement of solvent, modulator, tem-
perature, template, etc., therefore we assume that the formation
of the two-fold interpenetrated Zr-TTB-1 could potentially be due
to reaction conditions, ligand geometry, and the underlying the
network.[9b,c]

To further increase pore volume and specific surface area, we
aim to synthesize non-interpenetrated counterpart. Indeed, Zr-
TTB-2 was formed under similar condition but modulated with
trifluoroacetic acid (TFA) (Figure 1, right). The SCXRD analy-
ses reveal that Zr-TTB-2 crystallizes in a cubic space group of
Pm ̄3 with the lattice parameter a = 25.7367(14) Å (Table S2,

Figure 1. Structural illustration of Zr-TTB-1 and Zr-TTB-2. The construc-
tion of Zr-TTB-1 and Zr-TTB-2 from Zr6 cluster and TTB ligand, modulated
with acetic acid and trifluoroacetic acid respectively. Zr light purple, C gray,
O red, S orange, and H atoms omitted for clarity.
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Figure 2. a) The schematic diagram of pockets in Zr-TTB-2; b) the topological diagram of Zr-TTBs. Zr light purple, C gray, O red, S orange, and H atoms
omitted for clarity.

Supporting Information) at 273 K. Structurally, each TTB is con-
nected to three different Zr6 clusters, which function as nodes
linking eight different TTBs (Figure S3, Supporting Informa-
tion). Three TFA molecules and one FA molecule occupy the
unsaturated sites in the Zr6 clusters (Figures S4 and S5a, Sup-
porting Information). The formula of Zr-TTB-2 is identified to be
[Zr6O8(FA)1(TFA)3(TTB)8/3], further supported by the 1H NMR
and 19F NMR experiment of digested Zr-TTB-2 (Figures S9 and
S10, Supporting Information). Moreover, the Zr-TTB-2 possesses
two pockets, ≈11 Å diameter sodalite cages, and channels with a
width of ≈20 Å (Figure 2a). In contrast, the Zr-TTB-1 only retain
≈11 Å diameter sodalite cages as a result of structural interpene-
tration (Figure S7, Supporting Information).

The phase purities of two bulk Zr-MOFs are proved by their
well-matched experimental powder X-ray diffraction (PXRD) pat-
terns with simulated PXRD patterns (Figure 3a). Scanning elec-
tron microscope images display that Zr-TTB-1 possesses the reg-
ular octahedron morphology (Figure S19, Supporting Informa-
tion), while Zr-TTB-2 possesses the cube morphology (Figure
S20, Supporting Information). Moreover, the permanent poros-
ity of two Zr-MOFs is evaluated by N2 adsorption-desorption
isotherms at 77 K. Zr-TTB-1 shows type I isotherms, suggest-
ing its microporous architecture because of structural interpen-
etration (Figure 3b).[11] The apparent Brunauer-Emmett–Teller
(BET) surface area of Zr-TTB-1 is calculated to be 580 m2 g−1, and
the experimental total pore volume is estimated to be 0.29 cm3

g−1 at P/P0 = 0.9. In sharp contrast, the N2 sorption isotherm
of Zr-TTB-2 exhibits a step shape (Figure 3b).[14] The calcu-
lated BET surface area of Zr-TTB-2 is estimated to be 2000
m2 g−1, and the experimental total pore volume is 1.0 cm3

g−1 at P/P0 = 0.95, well matched with its theoretical value of
1.07 cm3 g−1. The thermogravimetric analysis of activated Zr-
TTB-1 and Zr-TTB-2 suggest that their decomposition temper-
atures under air flow are ≈300 °C (Figure S21, Supporting
Information)

Generally, interpenetration will endow MOFs robust frame-
work, thus Zr-TTB-1 is indicative of good stability.[15] As for non-
interpenetrated counterpart—Zr-TTB-2, its chemical stability is
further assessed by exposure to aqueous solutions with pH val-
ues ranging from 1 to 11. The almost unchanged PXRD pat-
terns of Zr-TTB-2 before and after treatment indicate its good
hydrolytically stability (Figure 3c).[15] The thermal stability of
Zr-TTB-2 is also investigated by N2 adsorption isotherms acti-
vated at indicated temperatures, which demonstrates its ther-
mal tolerance up to 240 °C (Figure 3d). Overall, the signif-
icant enhancement of porosity for stable Zr-TTB-2 over Zr-
TTB-1 foreshadows improved performance in LNG-ANG-related
applications.

Considering the advantages of LNG-ANG coupling technique
for methane storage, we then evaluate the methane working ca-
pacity of two Zr-MOFs under LNG-ANG conditions, that is, ad-
sorption at 6 bar and 159 K and desorption at 5 bar and 298
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Figure 3. a) The experimental and simulated PXRD patterns of Zr-TTB-1 and Zr-TTB-2; b) Nitrogen sorption isotherm profiles of Zr-TTB-1 and Zr-TTB-2;
c) PXRD patterns of Zr- TTB-2 after exposure to aqueous solutions with pH values ranging from 1 to 11; d) N2 sorption isotherms profile of Zr-TTB-2
activated at different temperatures.

Figure 4. a) The volumetric sorption working capacity of Zr-TTB-1 between 5 bar, 298 K, and 6 bar, 159 K; b) The methane sorption of Zr-TTB-1 recorded
at the indicated temperature, inset: Qst for Zr-TTB-1; c) The volumetric sorption working capacity of Zr-TTB-2 between 5 bar, 298 K, and 6 bar, 159 K; d)
The methane sorption of Zr-TTB-2 recorded at the indicated temperature, inset: Qst for Zr-TTB-2.
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K.[4,6] First, we investigate the effect of structural interpenetra-
tion on volumetric uptake of methane at 159 K (Figure S22, Sup-
porting Information). Zr-TTB-1 exhibits a considerable uptake
of methane at low pressure of 0.2–0.9 bar, but a slow increase
of methane uptake as the pressure further increases. In con-
trast, Zr-TTB-2 shows a quick increase of methane uptake over
the pressure range of 0.1–4 bar, and achieves a total volumetric
methane uptake of 288 cm3 (STP) cm−3 at 10 bar (Figure S22,
Supporting Information).[16] Under LNG-ANG condition, the vol-
umetric working capacity of Zr-TTB-2 is calculated to be 255 cm3

(STP) cm−3 (Figure 4a), which is more than twice that of Zr-TTB-
1 (115 cm3 (STP) cm−3, Figure 4c), indicating the successful re-
alization of higher working capacity by suppressing structural
interpenetration. The volumetric working capacity of Zr-TTB-2
also rivals those of classic HKUST-1 (249 cm3 (STP) cm−3) and
MIL-101(Cr) (240 cm3 (STP) cm−3) under comparable conditions
(LNG-ANG condition).[6] Moreover, the gravimetric working ca-
pacity of Zr-TTB-2 is up to 0.26 g g−1, which is more than three
times that of interpenetrated Zr-TTB-1(0.07 g g−1) (Figures S25
and S26, Supporting Information).

In order to investigate the interaction effect between methane
and Zr-MOFs, we deduced the isosteric heats of adsorption
(Qst) of two Zr-MOFs by fitting temperature-dependent methane
isotherms using the virial method (Figure 4b,d).[17] The initial
Qst of Zr-TTB-2 is ≈19.2 kJ mol−1 (Figure 4d inset), which is
slightly lower than that of Zr-TTB-1 (≈21.5 kJ mol−1, Figure 4b
inset), potentially due to the stronger interaction between the
small-pore interpenetrated Zr-TTB-1 structure and methane.[18]

In addition, the Qst of two Zr-MOFs are slightly higher than
those of classic HKUST-1 (17.0 kJ mol−1),[18] UTSA-110a (14.5 kJ
mol−1)[17c] and NOTT-102a (14.9 kJ mol−1),[17c] and compara-
ble to those of advanced MAF-38 (21.6 kJ mol−1)[17b] and Ni-
MOF-74 (21.4 kJ mol−1).[2a] Overall, Zr-TTB-2 exhibits excel-
lent methane working capacity owing to robust framework,
strong methane-adsorbent interaction as well as high popula-
tion of accessible cages and channels via suppressing structural
interpenetration.

3. Conclusion

In summary, a two-fold interpenetrated Zr-MOF with (3,8)-
connected the topology, Zr-TTB-1, was constructed from newly-
designed TTB ligand. In an effort to obtain larger porosity, a non-
interpenetrated counterpart, Zr-TTB-2, was prepared via precise
optimization. The two Zr-MOFs definitely exhibit great differ-
ences in pore volume, surface area, and methane adsorption
performance. Under LNG-ANG condition, the volumetric work-
ing capacity of Zr-TTB-2 reaches to 255 cm3 (STP) cm−3, sur-
passes more than twice that of its interpenetrated counterpart—
Zr-TTB-1 (115 cm3 (STP) cm−3). The volumetric working capac-
ity of Zr-TTB-2 is also comparable to some classic MOFs, such as
HKUST-1 and MIL-101(Cr). Additionally, the robust framework,
high porosity and large surface area of Zr-TTB-2 as well as strong
methane-adsorbent interaction render it promising for practical
implementation. This work reveals the effect of subtle catenation
control of MOFs on methane sorption behavior, also promotes
the rational design of high-performance MOF-based absorbents
at molecular level and the development of LNG-ANG coupling
technique for efficient methane storage and delivery.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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